Impact of longitudinal fields on second harmonic generation in lithium niobate nanopillars
The longitudinal fields arising in tightly confined optical beams give rise to unique polarization properties amenable to, e.g., particle acceleration 1 and optical tweezing, 2 and have also important implications on, e.g., optical chirality 3 and nonlinear optical processes. [4] [5] [6] While large longitudinal fields are typically created in free space with radially or azimuthally polarized beams, 4 recent trends in the miniaturization of photonic devices make nowadays integrated approaches also viable. 4, 5, [7] [8] [9] Lithium niobate (LiNbO 3 ) is a cornerstone material for second-order nonlinear optics. 10, 11 Sub-wavelength structures in LiNbO 3 are currently attracting considerable attention in light of the nonlinear efficiency enhancements afforded by their tight field confinement.
12-14 They can also be expected to sustain non-negligible longitudinal field components, leading to qualitatively different features in the nonlinear response, which have nevertheless not yet been addressed in such investigations.
In this letter, we study the polarization features of second harmonic generation (SHG) from LiNbO 3 cylindrical nanopillars (NPs) with diameters ranging from 150 nm to 325 nm and demonstrate substantial modifications to their SHG polar emission, achieved through a fine adjustment of their size. Experiments and simulations for high-confinement guided-wave SHG in congruent z-cut LiNbO 3 NPs, from a fundamental wavelength of 850 nm, provide evidence for a marked deviation of the NP response from the bulk material, maximized for a NP diameter of 275 nm. The effect stems from a non-negligible contribution to SHG arising from the longitudinal components of the optical modes confined in the NPs and points out to new possibilities afforded by advanced LiNbO 3 nano-structuring technologies in order to tailor not only the efficiency but also the radiation patterns of nanoscopic emitters on this important nonlinear photonic platform.
The nanopillars were fabricated on commercial, 500 µm-thick, congruent z-cut LiNbO 3 substrates (CasTech, Inc.) by an optimized Focused Ion Beam (FIB) milling process, yielding NPs with heights of ∼1 µm, circular cross sections and nearly vertical sidewalls (∼85
• ). The average value (due to the 85
• slope) of the NP diameters was varied controllably between 150 and 325 nm in steps of 25 nm. To limit drifting of the ion beam, a 40 nm-thick layer of chromium was deposited on a Author to whom correspondence should be addressed. Electronic mail: gallo@kth.se. the LiNbO 3 surface prior to the FIB milling. The ion beam milling current (30 pA) and its dwell time (2 µs) were adjusted while raster-scanning the ion beam, in order to obtain the best quality NP sidewalls. Each NP was embedded into a much larger (2.8 µm-wide, 1 µm-deep) circular trench to minimize spurious contributions of the bulk material in the SHG measurements. Figure 1 (a) shows one of the fabricated structures, while Figs. 1(b) and 1(c) illustrate the spatial distributions of the transverse and longitudinal optical fields [E t (x, y) and E z (x, y)] at the fundamental frequency (FF) and at its second harmonic (SH), computed with a finite element solver (COMSOL) for the case of perfectly vertical NPs, in the crystal reference frame (x, y, z). At the FF (850 nm), NPs with diameters smaller than 320 nm support only the lowest-order, HE 11 (x) and HE 11 (y) (orthogonally polarized and index-degenerate) modes, while being highly multimode at SH (425 nm) [HE 11
2378-
, HE 21
, TM 01 , . . . ]. The SHG experiments were conducted in the transmission configuration of Fig. 1(d) . The FF pump was a pulsed Ti:sapphire laser (100 fs pulse width, 82 MHz repetition rate, 850 nm central wavelength). The incident FF beam was linearly polarized in the x − y plane of the crystal and its polarization direction was adjusted by rotation of a half-wave plate with an angular resolution of 5
• . The FF free space pump was coupled into the NPs by an infinity-corrected 50× microscope objective. The sample position was adjusted with a precision three-dimensional stage, aligning the beam propagation direction to the z-axis of the crystal. Measurements in the bulk (reference case) and on individual NPs were all performed under the same excitation conditions, with a weakly focused FF pump (2 µm spot-size) and at room temperature. The output SH signals were collected in transmission-mode by another 50× objective, followed by a high-pass filter (to remove the FF) and by a polarizer which selected the polarization component of the SH, finally detected by a monochromator coupled to a single photon detector. Figure 2 (Multimedia view) shows the SHG polar plots for experiments performed on z-cut NPs, with a fixed polarization of the SH output (along x) and a varying polarization of the FF input (angle θ in the x − y plane of the crystal).
In order to compare the SHG powers across the different measurements, for each of the plots in Figs. 2(a)-2(h) (Multimedia view) we provide also the value of the power scaling factor (N) with respect to the measurement on bulk LiNbO 3 [ Fig. 2(i) ]. The maximum SH powers generated by the NPs are comparable or even higher than in the bulk, even if the large size of the FF pump (chosen to minimize longitudinal field contributions in the bulk measurements) is not optimal for efficient light coupling in them. As seen from image in Fig. 2(j) , SHG in the NP provides an intense blue source, much more tightly localized than the infrared FF pump. A first qualitative picture of SHG can be obtained under the simplifying assumptions of nopump-depletion and perfect phase-matching, considering the relationship induced by the LiNbO 3 tensorial nonlinearity between the SH polarization [P x
] and the FF electric field
] vectors. 15 Specifically, for Fig. 2 , the relevant polarization term is of the form
where d 31 = 4.8 pm/V and d 22 = 2.2 pm/V are LiNbO 3 nonlinear coefficients, 16 and the dependence of the transverse field components is adjusted by the polarization angle θ as follows: E x (FF) = E 0 cos θ and E y (FF) = E 0 sin θ, where E 0 is the total FF field amplitude. The first term in Eq. (1) is purely transverse and gives rise to a contribution to the SHG power (P a ∝ cos 2 θ sin 2 θ) corresponding to the polar plot of Fig. 3(a) , with maxima at θ = +45
• . This polar response matches well with the one of bulk measurements [ Fig. 2(i The second term in Eq. (1) involves a coupling of the transverse and longitudinal FF fields. Considering in a first instance the latter as a constant, independent of θ and proportional to E 0 , results in a contribution to the SHG power (P b ∝ cos 2 θ) corresponding to the polar plot of Fig. 3(b) , elongated along the x-axis. The presence of such additional SHG component is apparent in the SHG measurements from the NPs, being maximized for Fig. 2(c) . The polar plot deformation indicates a non-negligible role of the longitudinal mode component, associated with the strong field confinement in the NP, as opposed to the bulk, consistent with the indications of numerical simulations [e.g., Fig. 1(b) , where
The above insights were combined with a more rigorous analysis of SHG in a tight field confinement regime, accounting for the full vectorial nature of the electric fields as determined from Maxwell's equations. This involved modelling the NPs as high confinement waveguides, 9 computing first their modal fields and effective indices, and then the SHG coupling strengths and wavevector mismatches for all possible combinations of FF and SH modes and polarization components in the NP. After identifying the dominant modal contributions to SHG (Table I) , we used a guided-wave coupled-mode approach, accounting also for the E z terms, 17, 18 to determine the SH output after a propagation length of L = 1 µm. Restricting the analysis to NP waveguides supporting only HE 11 modes at the FF, and using the undepleted-pump approximation, ultimately yielded the following functional dependence of the x-polarized SHG power on the FF polarization angle θ,
where η a and η b summarize the main contributions to SHG, which arise from the interactions listed in Table I and labelled with the index m = 1, . . . , 5. Specifically η a = η 1 + η 2 + η 3 and
, where κ m and ∆ β m are the SHG coupling coefficients and wave-vector mismatches (computed numerically for each NP) for each of the processes in Table I .
Based on Eq. (2), quantitative estimates of the coefficients η a and η b could be extracted from the experiments via numerical fits on the data of Fig. 2 (solid lines) . From such fits, one could obtain a figure of merit:
, quantifying the deviation of the polar response from the bulk (where FOM → 0). These experimental values were then compared with the estimates for the
computed as a function of the NP size, with the SHG coupled-mode approach outlined before. Fig. 2(d) ], which compares well with the simulations (269 nm). Theory and experiments in Fig. 3(c) follow a similar trend, exhibiting additional local maxima around 175 and 225 nm. The agreement is quite good, even if the NPs used in the experiments deviate from the ideal structures used in the simulations, due to the slope of their sidewalls (see Fig. 1(a) ). This yields a diameter variation (across the NP length) around the median values reported in Fig. 3(c) and should induce a smearing of the experimental FOM. The horizontal error bars in Fig. 3(c) indicate the extent of the (linear) variation of the NP diameter around the median values. 
Such a variation is also responsible for a decrease in efficiency with respect to the theoretical predictions for perfectly vertical NPs. This effect, together with a non-perfect removal of the bulk SHG background in the experiments, is at the origin of the difference between the theoretical and experimental FOM values, i.e., the different scales on the left and right axes, respectively, of Fig. 3(c) . Furthermore, the non-monotonic evolution of the FOM as a function of the NP diameter, seen in both theory and experiments, highlights the importance of a fine control over their (median) diameter (∼25 nm) in order to optimize the SHG polar response. The effect stems from a non-trivial interplay among the parameters (κ m and ∆ β m ) determining the strength of competing SHG processes in the NP, which are critically affected by the NP size.
In conclusion, micrometer-long z-cut LiNbO 3 NPs with diameters ranging from 150 nm to 325 nm and nearly vertical sidewalls were fabricated using an optimized focused-ion-beam milling process. With them we demonstrated the possibility to modify and control the polarization properties of SHG emission in LiNbO 3 , via the contribution of the longitudinal fields associated with subwavelength confinement. SHG experiments with a pump at a wavelength of 850 nm, in combination with theoretical analyses based on guided-wave coupled-mode theory in a high confinement regime, indicated that the effect is maximized for a diameter of 275 nm. They also made apparent the importance of an accurate control over the NP size (<25 nm) in order to effectively engineer the SHG polar emission properties.
The results provide experimental evidence for new degrees of freedom in engineering nanoscopic nonlinear devices in LiNbO 3 affordable via the large longitudinal fields sustained by tight guided-wave confinement. They pave the way for the implementation of ultra-compact frequency converters with tailored emission, potentially enabling novel miniaturized photonic devices which can leverage the high intrinsic optical nonlinearity of LiNbO 3 for such applications as single-molecule spectroscopy, quantum optics, sensing, and all-optical beam manipulation. The fabrication process is also amenable to the production of dense NP arrays, which can grant further efficiency enhancements and engineering degrees of freedom in shaping the SHG response, currently under investigation.
